Idiopathic pulmonary fibrosis (IPF) is a chronic and ultimately fatal disease, characterized by excessive accumulation of fibroblasts, extensive deposition of extracellular matrix, and destruction of alveolar architecture. IPF is associated with an epithelial-dependent fibroblast-activated process, termed the epithelial-to-mesenchymal transition (EMT). However, there is still a lack of strategies to target EMT for the treatment of IPF. Sunitinib, a small-molecule multi-targeted tyrosine kinase inhibitor, targets multiple kinases that may play an important role in developing pulmonary fibrosis. Here, we explored the therapeutic potential of sunitinib using a mouse model of pulmonary fibrosis. Mice received intratracheal instillation of bleomycin (BLM). Then, the mice were intragastrically administrated with sunitinib or normal saline until the end of the experiment. Distinguished destruction of pulmonary architecture, conspicuous proliferation of fibroblasts and extensive deposition of collagen fibers were found in BLM mice. Sunitinib attenuated the pulmonary fibrosis and inhibited the accumulation of fibroblasts in the lung of BLM mice. To investigate if the inhibition of fibroblast accumulation in the lung by sunitinib was associated with EMT, we used human bronchial epithelial cells (HBEs) and W138 human lung fibroblasts. Sunitinib suppressed the degree of EMT induced by TGF-β, a profibrotic factor, in HBEs and the proliferation of WI38 fibroblasts. Moreover, sunitinib reduced the degree of phosphorylation of serine residues on Smad2/3 that was induced by TGF-β in HBEs. As EMT and accumulation of fibroblasts are critical for the development of pulmonary fibrosis, targeting multiple pro-fibrosis signaling pathways with sunitinib may be a novel strategy to treat pulmonary fibrosis.
Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic disease characterized by excessive accumulation of fibroblasts, extensive deposition of extracellular matrix (ECM), destruction of alveolar architecture, and a progressive decline in pulmonary function (Camelo et al. 2014; Cottin 2016) . Considerable efforts have been made to develop efficient therapeutic strategies for IPF (Spagnolo et al. 2015) . Unfortunately, there is barely an essential therapeutic intervention that can reverse an established fibrosis. The long-term survival in IPF patients remains poor (Chakraborty et al. 2014) . Recently, the US Food and Drug Administration approved pirfenidone, an inhibitor for the production of transforming growth factor-β (TGF-β) and the TGF-β-stimulated collagen production, and nintedanib, a small tyrosine-kinase inhibitor, for the treatment of IPF (King et al. 2014; Richeldi et al. 2014) . However, there are still unavoidable adverse effects, including gastrointestinal disorders, skin-related adverse events and elevation in lev-els of alanine and aspartate aminotransferase. These drugs merely slow down the progression of pulmonary function failure (Kim et al. 2015) . Therefore, further investigations are needed to elucidate critical factors in developing IPF and to identify new potential therapeutic agents.
IPF was associated with an epithelial-dependent fibroblast-activated process, termed the epithelial to mesenchymal transition (EMT) (Kim et al. 2015) . Both TGF-β and platelet-derived growth factor (PDGF) signaling play important roles in developing pulmonary fibrosis (Antoniades et al. 1990; Hiwatari et al. 1997) . Therefore, therapeutic strategies that disrupt both TGF-β and PDGF signal transduction may have advantages in treating pulmonary fibrosis.
Sunitinib is a small-molecule inhibitor that targets multiple receptor tyrosine kinases, such as platelet-derived growth factor receptor (PDGFR) and vascular endothelial growth factor receptor (VEGFR). Sunitinib has been used as an inhibitor of angiogenesis for the treatment of several kinds of malignant tumors . It has been reported that sorafenib, another multikinase inhibitor featured the similar molecular mechanism with sunitinib, can reverse the EMT process through blocking the TGF-β signal transduction in mouse hepatocytes (Chen et al. 2011) . Therefore, we have hypothesized that sunitinib may also have a protective effect against IPF via controlling both TGF-β-induced EMT in epithelial cells and PDGF-induced proliferation in fibroblasts.
We therefore evaluated the therapeutic potential of sunitinib using a murine model of pulmonary fibrosis induced by intratracheal instillation of bleomycin (BLM), showing that sunitinib profoundly ameliorated BLMinduced pulmonary fibrosis by reducing the accumulation of fibroblasts. The decrease of the accumulated fibroblasts with sunitinib may be related with an inhibition of EMT or proliferation of fibroblasts. Sunitinib controlled EMT via inhibiting TGF-β signaling. In addition, sunitinib suppressed the proliferation of lung fibroblasts. As both EMT and accumulation of fibroblasts are critical for the development of pulmonary fibrosis, sunitinib may be a potential treatment for IPF.
Materials and Methods

Animals
Female C57BL/6 mice weighing 23-25 g were obtained from the Academy of Military Medical Science (Beijing, China).
Reagents
Recombinant human TGF-β1, PDGF and VEGF were purchased from R&D Systems (Minneapolis, MN, USA). Sunitinib (Sutent) was manufactured by Pfizer Inc (New York, NY, USA). The primary antibodies used in this study include glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Sigma-Aldrich, St Louis, MO, USA), pY-PDGFRβ, pY-VEGFR2, E-cadherin and N-cadherin (Cell Signaling Technology, San Diego, CA, USA), vimentin (SigmaAldrich), zonula occludens-1 (ZO-1) (Invitrogen, San Francisco, CA, USA), fibroblast-specific protein-1 (FSP1) (Dako, Glostrup, Denmark), α-smooth muscle actin (α-SMA) (Sigma-Aldrich), Smad2/3 (BD Biosciences, San Jose, CA), phospho-Smad2 (Ser465/467; Cell Signaling Technology) and phospho-Smad3 (Ser423/425; Invitrogen).
BLM-induced pulmonary fibrosis model
Briefly, C57BL/6 mice were intratracheally injected with 3.5 mg/kg BLM after anaesthesia with an intraperitoneal injection of sodium phenobarbital (20 mg/kg). Sham group received normal saline by the same procedure. Three days after intratracheal injection, the mice were randomized into two groups that were intragastrically administrated with sunitinib (0.5 mg/kg daily) or normal saline until the end of the experiment. Two weeks after sunitinib treatment, the lung tissues from mice were isolated for further examination described below. For the therapeutic treatment of sunitinib, ten days after intratracheal injection, the mice were intragastrically administrated with sunitinib (0.5 mg/kg daily) or normal saline for one week. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Animal Ethics Committee of Nanjing Medical University Experimental Animal Department (Permit Number: 1401023). All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.
Histological analyses
The lung tissues were fixed in 4% paraformaldehyde and embedded in paraffin for histological and immunohistochemical study. Sections (5 μm) were then stained with hematoxylin and eosin (H&E) for routine examination or Masson's trichrome staining for the measurement of collagen content. The lung sections were further immunostained with appropriate dilutions of antibodies against E-cadherin, α-SMA or FSP1. All procedures were in accordance with commercial instruction.
Real-time qPCR
Total RNA from frozen lung tissues was extracted using Trizol (Takara, Shiga, Japan) according to the manufacturer's instructions. Real-time qPCR analysis was performed on Lightcycler480 (Roche, Penzberg, Germany) using SYBR Green PCR Master Mix (Toyobo, Tokyo, Japan). Each measurement was repeated in triplicate and normalized to the levels of GAPDH mRNA. The primers used for realtime PCR assays were listed in Table 1 .
Western blotting analysis
To detect the expression of epithelial and mesenchymal markers, HBEs were treated with TGF-β1 (5 ng/ml) or sunitinib as indicated in the figure legends and subjected to western blotting analysis. Approximately 50 μg of total protein was separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to a polyvinylidene fluoride membrane and then incubated with the corresponding antibodies. The protein bands were visualized with a chemiluminescence reagent ECL (Millipore Biotechnology Inc., USA).
Hydroxyproline (Hyp) determination
The content of Hyp in 100 mg lung tissues was measured using Hyp test kit (Jiancheng, Nanjing, China) according to a modified method previously described by Jamall et al. (1981) . The level of Hyp was expressed as microgram of Hyp per gram of wet weight (mg/g).
Immunofluorescence staining
The lung specimens were fixed in 4% paraformaldehyde and stained with the appropriate dilutions of antibodies against E-cadherin, α-SMA or STAT3. The slides were then incubated with FITC-conjugated anti-mouse IgG or Cy3-conjugated anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA). DAPI was employed for the stain of nuclei. Images of the sections were acquired by a confocal laser scanning microscope (Leica, Wetzlar, Germany).
Cell lines
The human bronchial epithelial cells (HBEs) and a human lung fibroblast cell line WI38 were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA), and cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Biochrom, Berlin, Germany). All cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 . HBEs were treated with or without TGF-β1 (5 ng/ml) or plus sunitinib (1, 2 and 5 μM) that were commonly used in in vitro experiments (Oechsle et al. 2011; Wen et al. 2015) for 48 hours.
Statistical analysis
All of the experiments were performed in triplicate. The results were presented as the mean values ± standard error (SE). Comparisons were made using Student's t-test or analysis of variance (ANOVA). A two-sided p value < 0.05 was considered statistically significant.
Results
Sunitinib ameliorates BLM-induced pulmonary fibrosis in mice
To evaluate effects of sunitinib in vivo, we established an experimental pulmonary fibrosis model by intratracheal administration of BLM. Distinguished destruction of pulmonary architecture, conspicuous proliferation of fibroblasts and extensive deposition of collagen fibers were found in mice treated with BLM (Fig. 1A) . However, these pathological fibrotic changes were remarkably attenuated by sunitinib administration (Fig. 1A) . The collagen content and distribution in lung tissues were further assessed using Masson's trichrome staining (Fig. 1B) . Likewise, BLM treatment significantly increased the collagen deposition, while sunitinib treatment evidently reduced the deposition of fibrillar collagen, as indicated by the Masson's trichrome-positive areas (Fig. 1B) . Moreover, the expression levels of the profibrotic factors, including TGF-β1, connective tissue growth factor (CCN2) were also decreased after sunitinib administration (Fig. 1C) . To investigate the therapeutic effect of sunitinib, we administrated mice with sunitinib on day 10 when the mice were in the beginning of fibrotic phase of pulmonary fibrosis. Sunitinib also attenuated the pulmonary fibrosis (Fig. 1D, E) . Taken together, sunitinib showed an antifibrotic effect on the BLM-induced pulmonary fibrosis in vivo.
Sunitinib reduces the excessive accumulation of ECM in BLM-induced pulmonary fibrosis model.
During the development of IPF, fibroblasts abnormally accumulated, leading to an excessive production of ECM in parenchymal. We therefore assessed the effect of sunitinib on the collagen expression in BLM-induced pulmonary fibrosis model. The mRNA expression of fibrotic matrix component, such as type I collagen, type II collagen and type IV collagen was substantially increased in mice treated with BLM ( Fig. 2A) . Notably, the increase of the collagen expressions in BLM mice was significantly reduced by sunitinib ( Fig. 2A) . Moreover, sunitinib attenuated the expression of tissue inhibitor of metalloproteinases-3 (Timp-3), which was increased in pulmonary fibrosis tissue induced by BLM (Fig. 2B ). In addition, the content of Hyp, a characteristic amino acid of collagen, was elevated in pulmonary tissue of BLM mice, whereas sunitinib inhibited the accumulation of Hyp induced by BLM. As PDGF or VEGF promoted the proliferation and migration of fibroblasts, we assessed the effect of sunitinib on the phosphorylation of PDGFRβ and VEGFR2. Western blot analysis showed that sunitinib inhibited the phosphorylation of PDGFRβ and VEGFR2 (Fig. 2D) .
Sunitinib inhibits the accumulation of fibroblasts in the lung in mice treated with BLM.
A loss of alveolar epithelium with fibroblast proliferation was observed in BLM mice, characterized by immunohistochemistry of epithelial marker E-cadherin and mesenchymal marker FSP1 (Fig. 3A) . On the contrary, the level of E-cadherin expression in the alveolar epithelium was Mice were intratracheally injected with 3.5 mg/kg BLM to establish a murine pulmonary fibrosis model. Three days after intratracheal injection, mice were randomized into two groups that received sunitinib (0.5 mg/kg daily) or normal saline for 12 days. Pulmonary tissue sections were prepared on day 14 and subjected for H&E staining (A) or Masson's trichrome staining (B). (C) Q-PCR analyses of the mRNA expression of TGF-β and CCN-2 in the pulmonary tissues.
(C, mean ± SE). **p < 0.01. The percentage value indicated the percentage of reduction in BLM + sunitinib-1 group compared with BLM group. BLM mice were randomized into two groups that received sunitinib (0.5 mg/kg daily) or normal saline on day ten for 7 days. Pulmonary tissue sections were prepared on day 17 and subjected for H&E staining (D) or Masson's trichrome staining (E). Sunitinib-1 indicated that sunitinib was received on day 3. Sunitinib-2 indicated that sunitinib was received on day 10.
largely elevated and the accumulation of FSP1 + fibroblasts was dramatically decreased in sunitinib-treated mice (Fig.  3A) . Lung sections were then examined for the expression of α-SMA, a reliable marker of activated fibroblasts. As shown in Fig. 3A , α-SMA was only localized in the vessel walls and was not expressed in interstitium in the sham group. After administration of BLM, considerable fibroblasts expressing α-SMA were detected in the interstitium (Fig. 3A) . However, fewer α-SMA + fibroblasts were detected in the lung sections from mice that received sunitinib treatment. The further immunofluorescence staining for E-cadherin and α-SMA confirmed the results obtained from immunochemistry analysis (Fig. 3B) .
Sunitinib suppresses TGF-β-induced mesenchymal transition of HBEs and PDGF/VEGF-induced proliferation of WI38 fibroblasts.
In order to investigate if the inhibition of fibroblast accumulation in the lung by sunitinib was associated with EMT, HBEs and WI38 cells were used. Next we investigated the effect of sunitinib on the mesenchymal transition of HBEs in vitro. It has been reported that TGF-β1, a profibrotic factor, induces EMT in vitro. After exposure to TGF-β, HBEs were differentiated from a polarized epithelial shape to a spindle-like morphology (Fig. 4A, B) . Besides, the expression levels of two epithelial markers E-cadherin and ZO-1 were down-regulated, whereas the expression levels of the mesenchymal markers N-cadherin and vimentin were up-regulated (Fig. 4C, D) . In consistent with data obtained in vivo, sunitinib suppressed TGF-β-induced EMT in HBEs in a dose-dependent manner (Fig. 4) . HBEs treated with sunitinib reacquired their epithelial honeycomb-like morphology, accompanied by the elevated expressions of E-cadherin and ZO-1 and decreased expressions of N-cadherin and vimentin. Collectively, these data provided in vitro evidence to suggest that sunitinib inhibited the differentiation process of HBEs induced by TGF-β. In addition, PDGF or VEGF-induced proliferation in a human lung fibroblast cell line WI38 cells was also suppressed by sunitinib (Fig. 4E) .
Sunitinib antagonizes TGF-β/Smad signaling in HBEs via inhibiting the phosphorylation of Smad2/3.
Due to the prominent role of TGF-β in EMT, we Mice were intratracheally injected with 3.5 mg/kg BLM to establish a murine pulmonary fibrosis model. Three days after intratracheal injection, the mice were randomized into two groups that received sunitinib (0.5 mg/kg daily) or normal saline for 12 days. (A) Immunohistochemical and (B) immunofluorescence analysis of the pulmonary tissue sections. hypothesized that sunitinib may inhibit the EMT process of HBEs through disrupting TGF-β signaling pathway. To explore the intracellular signal transduction, we examined the effect of sunitinib on the canonical Smad-dependent pathway, which consisted of a family of signal transducers called R-Smads (Smad2 and Smad3). As shown in Fig. 5A and B, sunitinib obviously abrogated TGF-β-mediated phosphorylation of Smad2 and Smad3 at a concentration of 5 μM, indicating that sunitinib acted as an effective inhibitor of TGF-β signaling.
Discussion
As the most common form of interstitial lung disease, IPF is a progressive and generally irreversible lung disease with unknown etiology and few treatment strategies (Staitieh et al. 2015) . Here, we find a novel role for sunitinib in controlling TGF-β signaling, which in turn alleviates the pulmonary fibrogenesis in mice. Sunitinib prevented the pulmonary fibrogenesis and attenuated the pulmonary fibrosis (Fig. 1) . EMT plays an important role in the development of IPF (Desai et al. 2015) . During the progression of IPF, the chronic injuries incite the abnormally activated alveolar epithelial cells (AECs) to secrete TGF-β, which in turn promotes the EMT, by which AECs undergo mesenchymal transformation, lose their cell-cell adhesion, acquire migratory and invasive properties, and ultimately convert into mesenchymal cells, accounting for excessive deposition of ECM in parenchymal . TGF-β signaling is essential in a number of profibrotic events including EMT, fibroblast activation and eventual ECM deposition (Yang et al. 2014; Eberlein et al. 2015; Okumura et al. 2015; Zerr et al. 2016) . Sunitinib profoundly inhibited TGF-β-induced EMT (Fig. 4) . Thus, sunitinib could improve the pulmonary fibrosis via inhibiting EMT. Although sunitinib did not promote the death of HBEs or the proliferation of WI38 cells (Fig. 4A, B, E) , it might have other effects in addition to EMT. As sunitinib is a multi-targeted kinase inhibitor, it may affect multiple aspects in protecting mice from BLM-induced lung fibrosis. Sunitinib is a strong inhibitor of VEGFR2 and PDGFRβ (Roskoski 2007) . PDGF-induced abnormal fibroblast proliferation plays an important role in developing pulmonary fibrosis (Antoniades et al. 1990 ). Consistently, we found sunitinib at 500 nM inhibited both PDGF and VEGFinduced proliferation in a human lung fibroblast cell line WI38 cells (Fig. 4E) . The inhibitory effect of sunitinib on PDGF-induced proliferation may also contribute to the improvement of the BLM-induced fibrosis model by sunitinib. TGF-β protein was proved to trigger and maintain EMT process in the organ fibrogenesis and tumor metastasis primarily via Smad-dependent mechanism. Upon phosphorylation, signal transducers Smad2 and Smad3 form complexes with Smad4, and subsequently translocate into the nucleus to regulate the transcription of target genes responsible for EMT . Sunitinib as a tyrosine kinase inhibitor reduced the phosphorylation of serine residues on Smad2/3 induced by TGF-β (Fig. 5) . The mechanism of the inhibition of TGF-β-induced Smad2/3 phosphorylation by sunitinib remains unknown.
There are several events may be influenced by sunitinib in TGF-β signal transduction, such as TGF-βRI phosphorylation, heterodimerization of TGF-βRI and TGF-βRII, recruitment of Smad2/3 to the receptors, and kinase activity of TGF-βRI. We will investigate these events in the future. Advances in the understanding of the molecular mechanisms involved in the pathogenesis of IPF have paved the way for identifying the new efficient approaches for the treatment of patients with IPF. Given the important role of TGF-β on EMT process, therapeutic interventions that utilize small chemicals or genetic technology to interfere with TGF-β signaling at various transduction steps have been developed to reverse the established fibrosis (Chakraborty et al. 2014; Fukunaga et al. 2015) . For instance, miRNA or chemokine was reported to reverse fibrosis in the rodent animals or cell lines in vitro (Fierro-Fernandez et al. 2015; O'Beirne et al. 2015) . Apart from the genetic approaches, small chemicals targeting TGF-β signaling cascade have strong therapeutic potential in preclinical settings (Nanthakumar et al. 2015) . Notably, sorafenib has been demonstrated to feature the ability to inhibit the profibrogenic activity of TGF-β signaling and ameliorate BLMmediated pulmonary fibrosis (Chen et al. 2013) . Sunitinib malate (Sutent™) is an oral multikinase inhibitor that shows antitumor and antiangiogenic activities. It is reported that the max concnetrations in patients after 28 days of sunitinib administration with doses of 50 mg, 75 mg and 100 mg is about 180 nM, 354 nM and 406/499.4 nM, respectively (Faivre et al. 2006) . Prior studies have shown that sunitinib potently inhibited angiogenesis and tumor growth by blocking multiple receptor tyrosine kinases, including VEGFR, PDGFR, c-kit, and other receptors (de Wit et al. 2015) . As high concentration may reduce the specificity of sunitinib, sunitinib may affect different signaling pathways in treating different diseases. It has been approved for the clinical treatment of advanced renal cell carcinoma, unresectable gastrointestinal stromal tumors, and well-differentiated metastatic pancreatic neuroendocrine tumors (Imbulgoda et al. 2014) . However, besides to its established clinical benefits for patients with a broad range of tumor types, recent studies have demonstrated that sunitinib reversed heart remodeling and significantly improved right ventricular function in experimental models of right ventricular hypertrophy (Kojonazarov et al. 2013) . Sunitinib was also reported to block collagen synthesis and mesenchymal transdifferentiation of human hepatic stellate cells, suggesting its potential as a drug candidate in pathological conditions like liver fibrosis (Majumder et al. 2013) .
In the present study, we identified a novel antifibrotic property of sunitinib on BLM-mediated pulmonary fibrosis in mice. This agent ameliorated the morphology disorder and decreased the deposition of collagen in murine pulmonary fibrosis induced by BLM. We further demonstrated that sunitinib reversed the process of EMT and fibroblasts activation. However, the detailed molecular mechanism remains elusive. Further in vitro studies were conducted to interpret the involved molecular event. When applied to HBEs, TGF-β induced the process of EMT, while sunitinib strikingly suppressed the progression of EMT, suggesting that the antifibrotic effects of sunitinib is at least partly due to its interference with the EMT. We also observed that sunitinib treatment inhibited the phosphorylation of Smad2 and Smad3, the crucial downstream transducers of TGF-β signal pathway. These were consistent with the data generated from sorafenib (Nanthakumar et al. 2015) . Based on these encouraging results obtained from animal models of pulmonary fibrosis, sunitinib is expected to be applied for the treatment of IPF. Actually, the agent sunitinib has an exclusive advantage in its efficacy and safety. As an approved oral agent for patients with several types of human malignancies, the safety of sorafenib is strictly guaranteed. Taking into account the therapeutic effects of sunitinib in experimental studies of arthritis and diabetes, we believe this drug may have a much broader indication in clinical application.
Tyrosine kinase signaling transduction plays a pivotal role in a wide variety of cellular processes, including the pathogenesis of pulmonary fibrosis (Wollin et al. 2015) . The antifibrotic property of several tyrosine kinase inhibitors has already been investigated in a number of in vitro studies and animal models (Chen et al. 2011 (Chen et al. , 2013 . As sunitinib is an inhibitor of multiple receptor tyrosine kinases, it is not surprising to show an inhibitory effect of sunitinib on tyrosine phosphorylation. However we think the inhibition of serine phosphorylation of Smad2/3 by sunitinib is interesting. In spite of improved insights and untiring efforts in this therapeutic avenue, challenges may exist in the course of clinical translation. Further research will be performed to thoroughly elucidate how specific kinases contribute to the pathogenic processes in lung fibrosis, which may ensure its therapeutic potential in the clinical application.
Collectively, we here identified that sunitinib protected mice from BLM-induced pulmonary fibrosis through multiple pro-fibrosis signaling pathways, suggesting a potential agent for the treatment of IPF and other fibrotic disorders.
